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A B S T R A C T
Monitoring of heart rate has the potential to provide excellent data for the remote monitoring of animals, and
heart rate has been associated with stress, pyrexia, pain and illness in animals. However monitoring of heart rate
in domesticated animals is difficult as it entails the restraint of the animal (which may in turn affect heart rate),
and the application of complex monitoring equipment that is either invasive or not practical to implement under
commercial farm conditions. Therefore accurate non-invasive automated remote monitoring of heart rate has not
been possible in domesticated animals. Biomagnetism associated with muscle and nerve action provides a
promising emerging field in medical sensing, but it is currently confined to magnetically-shielded clinical en-
vironments. In this study, we use biomagnetic sensing on commercial dairy cattle under farm conditions as a
model system to show proof-of-principle for non-contact magnetocardiography (MCG) outside a controlled la-
boratory environment. By arranging magnetometers in a differential set-up and using purpose-built low-noise
electronics, we are able to suppress common mode noise and successfully record the heart rate, the heart beat
intervals and the heart beat amplitude. Comparing the MCG signal with simultaneous data recorded using a
conventional electrocardiogram (ECG) allowed alignment of the two signals, and was able to match features of
the ECG including the P-wave, the QRS complex and the T-wave. This study has shown the potential for MCG to
be developed as a non-contact method for the assessment of heart rate and other cardiac attributes in adult dairy
cattle. Whilst this study using an animal model showed the capabilities of un-shielded MCG, these techniques
also suggest potentially exciting opportunities in human cardiac medicine outside hospital environments.
1. Introduction
During the course of the 21st century, the use of animals for la-
boratory experimentation has come under increasing scrutiny from
outside the research community (Cyranoski, 2006), but also in an in-
creasing debate inside it (Abbott, 2018). This trend is mirrored by in-
creasing awareness of ethical treatment of animals used in food pro-
duction (Eisler et al., 2014; LeBlanc, 2014). While there remains in the
public perception of farming a concept of a rural idyll involving a close
relation between the farmer and the animals, we have come to under-
stand that close human contact to animals is not necessarily a beneficial
factor (Rossi et al., 2017). These findings put considerable pressure on
producers to invest in remote-monitoring of farm animals to provide
evidence of good treatment (Grandin, 2014). Automated remote mon-
itoring of cows has therefore become widespread on commercial dairy
units, with the use of accelerometer-based technologies to enhance
oestrus detection available since the 1990s. Automated systems have
also been developed for the monitoring of rumen pH, rumen tempera-
ture, body temperature, and behavioural monitoring for the early de-
tection of disease.
Seeking physiological parameters that allow a close assessment of
animal wellbeing have identified the animals’ heart beat as a parameter
to monitor and analyse through automated systems (Kezer et al., 2017;
von Borell et al., 2007). Heart rate has been associated with stress,
pyrexia, pain and illness in animals. In addition, measurement of heart
rate variability has been used as an indicator of stress, and a proxy
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measure of welfare in cattle. However monitoring of heart rate in do-
mesticated animals is difficult as it entails the restraint of the animal
which may in turn affect heart rate (Stucke et al., 2015), and the ap-
plication of monitoring equipment that is either invasive or not prac-
tical to implement under commercial farm conditions. Therefore as far
as the authors are aware, accurate non-invasive automated remote
monitoring of heart rate has not been possible in domesticated animals.
There is a clear need for simple, robust non-contact sensing tech-
nology to obtain a welfare score for any given animal (Grandin, 2014).
Sensors to read these data could be mounted at voluntary animal in-
teraction points such as milking robots, to ensure recording free from
human intervention.
The electric signal of the heart muscle excitation and relaxation also
generates a magnetic field. Measuring the magnetic field to obtain heart
beat information avoids the need for contact electrodes like those used
in electrocardiograms (ECG). Non-contact recording of the heart beat
characteristics will open opportunities for comfortable long-term heart
monitoring or swift and easy emergency heart signal reading. To show
proof-of-concept, we use an animal model system. Rather than using
laboratory animals, we develop a system that could also be used in a
commercial farming environment. In farm animals, non-contact heart
sensing would prove also very beneficial. Recording an ECG on animals
comes with challenges in applying the electrodes to the animal’s skin.
Shaving is often required to obtain good contact. Furthermore, in large
animals, tissue between the electrode and the heart muscle leads to
considerable animal to animal variations (Cedeño-Quevedo et al.,
2016) and to signal distortions (DeRoth, 1980). Nevertheless good di-
agnostics might still be achieved (Konold et al., 2011) and while the
ECG amplitude might have no physiological meaning, the heart rate
obtained can still provide a reference to the MCG readings. Recording
an MCG circumvents the challenges encountered by ECG measurement
by not relying on charge collection by contact electrodes, which opens
opportunities for remote monitoring techniques not requiring human
operators.
Among the most sensitive methods for reading magnetic field
strength and orientation are instruments using the interaction of re-
sonant light with atomic vapour: optically pumped magnetometers
(OPMs) (Budker and Romalis, 2007). Recent work on the identification
of optimum sensor positioning has shown that a wide range of heart
beat characteristics, such as the spatial and temporal magnetic sig-
nature of the heart action, are becoming measurable with OPMs (Lau
et al., 2016). While initial devices required the heating of sensor
components to temperatures well beyond human or animal body tem-
peratures, it is now possible to work with vapour cells at or close to
body temperature (Morales et al., 2017). Improvements in the design of
OPMs have reached a stage where the recording the magnetic compo-
nent of single animal nerve impulses is possible in vitro (Jensen et al.,
2016) and most recently could be shown in vivo (Broser et al., 2018).
Using sensors in gradiometric arrays to compensate ambient noise
sources provides an excellent tool to record small, dynamic magnetic
fields and it has been widely used to record and map magnetic field
changes. Magnetocardiography has been successfully shown with gra-
diometric configurations (Morales et al., 2017) and can provide in-
formation inaccessible to electrocardiographic recordings (Ikefuji et al.,
2007). MCGs have been shown to provide rich diagnostic information
when using arrays of sensors (Kimura et al., 2017). Optically pumped
magnetometers have been successfully applied to the recording of
small-animal magnetoencephalograms (MEG) (Nishi et al., 2018), de-
monstrating the potential of magnetometry in the veterinary field.
The aim of this study was to assess the feasibility of obtaining ac-
curate unshielded heart measurements with total field magnetometers
in animal monitoring, using commercial dairy cattle. By demonstrating
the possibilities of this technique for non-contact heart monitoring, it
also opens up potential applications for human health outside of con-
trolled clinical environments.
2. Materials and methods
Research animals: All animal work was approved by the Royal
(Dick) School of Veterinary Studies Veterinary Ethical Review
Committee (Ref 42.18). Adult non-lactating Holstein dairy cows were
positioned in a metal restraining crate. Cows’ heart beats were recorded
in the teaching barn of the University of Edinburgh’s Royal (Dick)
School of Veterinary Sciences’ dairy campus at Langhill Farm (Roslin,
UK) (Fig. 1). The two sensors of the magnetic gradiometer axis were
positioned in line with the main electrical dipole of the animal’s heart.
Magnetometers: The QuSpin QTFM® (QuSpin, Colorado, USA) sen-
sors used in this measurement are based on an optically pumped Mz
magnetometer configuration, which allows high-sensitivity measure-
ments of magnetic field magnitude to be carried out in the presence of
the geophysical field. The manufacturer’s specification for the QTFM
sensor advertises a white noise floor of ~1pT.Hz-1/2 with a bandwidth
of 200 Hz and a maximum sampling rate of 407 Hz. The sensitivity of
this magnetometer is highly dependent on the orientation of the am-
bient magnetic field. For this reason, a calibrated set of Helmholtz coils
was incorporated into each sensor module, to ensure that the sensor is
operated in its highest sensitivity field orientation. The bias field coils
were designed for the smallest fit around the sensor and wound on 3D
printed housing with 0.5 mm copper cable. The operating electronics
were designed with a particular focus on low noise recording and
timing stability (Ingleby et al., 2017).
Field Control: The static background field is aligned to the sensitive
axis of the magnetometers using fitting algorithms (Ingleby et al.,
2017). Four cycles of parabolic fits to minimize orthogonal field com-
ponents ensured good conversion of the current values required to align
the ambient field.
ECG: The electrocardiograms were recorded using a Televet-100
(Kruuse, Langeskov, Denmark) recording at 500 Hz in an Einthoven
configuration (Hannibal, 2011) using standard sticky gel electrode at-
tached to shaved skin areas.
MCG: The sensors were used in a gradiometric set-up. The position
of both sensors was mechanically adjusted so that their sensitive axis
are aligned and so that they are within ~20° in line with the magnetic
background. Then a fitting algorithm was used to adjust the current to
the Helmholtz coils to precisely line up the ambient field to the sensi-
tive axis of both sensors. The cow’s heart signal acts as a perturbation of
the ambient field and can be picked up in the difference trace between
the two sensors. Measurements were done in intervals of either 10 or
20 s in consecutive recordings. Longer recordings of 60 s proved un-
desirable since the movement of the animal could be compensated for
Fig. 1. Non-contact heart recording: Two magnetometers were placed either
side of the animal so that an imaginary axis passed through the heart muscle.
Simultaneously an ECG was recorded. One magnetic sensor can be seen in front
of the animal placed slightly back of the fore leg and below the heart.
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in data post processing more easily in shorter intervals.
Motion Compensation: Movement of the animal during the re-
cording leads to baseline fluctuations in the magnetic recording. These
fluctuations were compensated for through spline fitting in data post-
processing to obtain a flat base line for further data analysis.
Temporal alignment of ECG & MCG: Time stamping of the ECG and
the MCG recordings allowed temporal alignment of the two traces to
within the same heart beat interval. Then the spike of the QRS complex
within the heart actions was used for fine alignment.
Heart rate correlation search: The key characteristic to obtain is the
heart rate for physiological assessment. To be able to detect variations
in the heart rate, it is necessary to determine the heart rate from
measurement intervals of short duration. In post-processing, we filtered
differential data traces of 10 s duration with pass band 0.11 Hz to
45 Hz. On each filtered trace, we conducted an automated correlation
search for recurring signal features between 1 and 2 Hz corresponding
to heart rates between 60 and 120 beats per minute. The heart rate was
detected as a distinctive peak in the frequency spectrum of the corre-
lation search (Appendix Figure A1). The example shows a heart rate of
79 beats per minute showing as a distinctive peak in the frequency
spectrum of the correlation search. The retrieved heart beats were as-
sessed against independent recordings by measuring the tail pulse,
taking a stethoscope reading of the heart rate or against ECG recordings
(Kruuse Televet 100, Kruuse, Langeskov, Denmark).
We found good correlation between the MCG data and the true
heart rate. Using short measurement intervals of 10 s enables a string of
several independent recordings to be taken per animal. This allows
discarding of recordings spoiled by vigorous animal movement while
still retrieving and subsequently verifying the correct heart rate from
several short independent readings.
Sensor arrangement and Active Field Control: The QTFM is an op-
tically pumped magnetometer (OPM) operating in Mz configuration
(Bloom, 1962) and relies on measuring of Larmor spin precession fre-
quency of 87Rb atoms. The value of the ambient magnetic field is de-
rived from the fixed relationship between Larmor frequency and mag-
netic field.
The QTFM magnetometer has four main components: (i) a laser
which generates 795 nm light resonant with the D1 optical transition of
87Rb, (ii) a glass vapor cell containing 87Rb atoms, (iii) a photo-
detector to monitor light transmitted through the vapor cell, (iv) and an
RF coil to excite Larmor precession in rubidium atoms. The circularly
polarized laser light passes through the vapor cell and spin-polarizes the
rubidium atoms inside. When the atoms are spin-polarized, the amount
of laser light transmitted through the vapor cell increases. After spin
polarization, the frequency of the oscillating field created by the RF coil
is swept from 20 kHz to 600 kHz using a direct digital frequency syn-
thesizer (DDS). When the RF frequency matches the Larmor frequency,
the amount of light transmitted through the vapor cell drops, this drop
in light transmittance is used to identify the Larmor frequency. Once
identified, the scanning stops, and the DDS frequency is electronically
locked over the Mz resonance using a lock-in detection technique. The
digitally locked frequency of the DDS is then digitally transmitted as the
output of the magnetometer. A front-end user interface converts the
DDS frequency to magnetic field units.
3. Results
The geomagnetic background in the teaching barn was measured
using a Bartington Mag13-MS100 Fluxgate magnetometer (Bartington,
Witney, UK) and found to be around 42 µT at an angle of about 70° to
the surface. The orientation of the teaching shed and the placement of
the cow holding pens within resulted in an angle of the horizontal
component of the Earth’s field to the length axis of the holding pen of
about 80°. The background field showed strong interference from 50 Hz
mains power lines and various electrical appliances. The sensitive axes
of the two sensors were carefully aligned to ensure gradiometric
configuration. Furthermore the sensors were placed roughly in line with
the geomagnetic background field with one sensor low on the left
forequarter of the animal and the second sensor opposite above the
animal creating a virtual line through the heart muscle. The correlation
search for the heart rate yields the duration of a single heart action
(Appendix Figure A1). Using this interval we obtained the magnetic
amplitude trace of the heart action by averaging over the heart beats
within a data sequence. This allows the identification of characteristic
elements as the P-wave, the QRS complex and the T-wave (Fig. 2).
Physiological Relevance: To assess our recordings for their physio-
logical relevance, we compared the heart action durations with proven
recordings. The action of the heart muscle is determined by electrical
conduction along specialized tissue thus generating a characteristic
sequence of heart actions. While the electrical amplitude of a cow’s
heart action can be considerably distorted by surrounding tissue that
the signal has to pass before reaching the pickup electrode, the time
intervals of the cow’s heart action are well conserved over a multitude
of animals. On a sample of 32 animals using a 12-lead ECG system to
ensure good data quality, DeRoth showed that the heart action timing is
highly conserved between different animals (DeRoth, 1980).
A magnetic recording of a cow’s heart beat reproduces the char-
acteristic time intervals as shown in these ECG references (Table
Fig. 3(a)). We find the length of the P-wave indicating atrial action can
be measured to a very similar length with an ECG recording yielding
100 +/- 11 ms compared to 125 ms for the MCG. Similarly the total PR
segment is a relatively good match at 100 +/- 18 ms for the ECG and
125 ms for the MCG. At current the QRS complex tends to be stretched
on the time axis due to the averaging process employed in the MCG.
We recorded ECG data using three channels in the Einthoven con-
figuration (Hannibal, 2011) and matched the signal to the MCG
(Fig. 3b). Aligning the signals from the ECG traces with the MCG signal
shows matching features in the P-wave, the QRS complex and the T-
wave. The amplitudes of the ECGs and the MCG are in good agreement
with theoretical calculations (Alday et al., 2016) suggesting that an
electrical signal of 0.5 mV in the ECG should generate a magnetic signal
around 100 pT in the MCG. We find a spike in the QRS complex of
4.2 mV matching a spike in the MCG of 700 pT. It must be noted that
the amplitude of the spike in the ECG depends heavily on the placement
Fig. 2. A trace of the magnetic heart signal averaged over 10 heart beats allows
the identification of characteristic heart beat time intervals: P-wave, QRS
complex and T-wave marked in blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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of the electrodes. Another orientation of the ECG triangle gained a spike
of 3 mV.
The QTFM sensor shows an anisotropic sensitivity under varying
static field orientations. The sensitivity will exhibit cosine squared de-
pendence with the declination of the static field relative to the QTFM’s
sensitive axis. Fig. 4(a) shows the calculated variation of sensitivity
with the field orientation. To adjust the ambient field to the sensor’s
sensitive axis, a set of field control coils was designed. These were in-
tegrated into a 3D-printed sensor housing (Fig. 4b). The coils allowed
the orientation of the static field at the sensor location to be locked to
the sensor’s sensitive axis during operation. Software controlled current
drivers and an automatic calibration routine for these coils were used
(Ingleby et al., 2017). The calculated design parameters for the
Helmholtz field control coils are given in the table in Fig. 4(c).
Sensor operation: Using the sensors in a gradiometric setup allows
suppression of periodic noise sources. This is reliant on effective syn-
chronisation of the two independent sensors. The effect of applying the
50 Hz noise minimisation synchronisation routine described below is
shown in the noise spectral data in Fig. 4(a). The common mode noise
in the frequency band between 1 Hz and 50 Hz is reduced significantly
dropping from 100 pT.Hz-1/2 to around 20 pT.Hz-1/2 at 1 Hz and from
10 pT.Hz-1/2 to about 7 pT.Hz-1/2 at 40 Hz.
The strong suppression of common-mode noise in the 1–50 Hz band
shown in Fig. 5 demonstrates the requirement for effective synchroni-
sation between the two sensor modules. The residual 50 Hz noise
provided a useful signal for further temporal alignment in post-
Fig. 3. a) Comparing the time intervals in the heart beat action between values obtained by averaging over ECG recordings gained from a herd of 32 Holstein dairy
cows (DeRoth, 1980) (first row with standard deviations) and the values obtained from our MCG readings (red values). b) Overlay of three ECG traces (purple, blue,
grey) that we recorded in Einthoven configurations simultaneously with an MCG trace (red). All four heart beat traces have been recorded using the same recovery
software using 10 s data traces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Measurement geometry: a) Expected variation of QTFM sensitivity with the orientation of the static field. The sensor’s sensitive axis is oriented at (0,−90) on
the plot axes. b) 3D printed sensor housing with the positioning of 3 sets of Helmholtz coils arranged around the sensitive centre to allow for precise static field
control. The light grey QTFM sensor can be seen in its sheath with the sensitive centre in the active centre of the control coils. The black housing allows for the secure
insertion of the sensor into protective tubing. c) Table of designed and calculated field control coil parameters.
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processing without being large enough to diminish the data quality
after filtering (Appendix Figure A2). The QTFM sensors record at a
sampling rate of 407 Hz. To use two QTFM in a gradiometric set-up, a
high degree of synchronisation was required. In order to quantify
synchronisation between two sensors and to assess the value of post-
processing in achieving common-mode noise rejection, testing was
carried out in noisy indoor environments in which the time series data
was post processed with varying timing resolution. Data post-proces-
sing consisted of the application of a time delay t to the time-series data
collected on one sensor channel and the calculation of interpolated data
points shifted against the original data by Δt.
The difference trace was obtained by subtraction of one unmodified
and one shifted channel. Post-processing software optimised common-
mode 50 Hz noise rejection by finding the value of t yielding the lowest
RMS noise pickup in the gradiometer data.
Fig. 6 shows the variation of optimised noise RMS with granularity
of variation in t. For time delay granularity Δt below the sensor sam-
pling time, time-series interpolation was used to match sample time-
stamping in gradiometric measurements. It can be seen that decreasing
Δt to one-tenth of the sampling time improves common-mode noise
rejection, with diminishing returns for lower Δt. Given a sample time of
2.5 ms, synchronisation at the 0.25 ms level was used to achieve op-
timised common-mode noise rejection.
4. Discussion
The introduction of biosensors to modern farming is bringing great
benefits for the health and welfare of farm animals. Biosensors will
contribute to the 4th revolution in agriculture by incorporating in-
novative technologies into cost-effective diagnostic methods that can
mitigate the potentially catastrophic effects of infectious outbreaks in
farmed animals (Neethirajan et al., 2017). Human views on animal
interaction are still largely generated from human-pet relations. Re-
search has shown that especially for herd animals, human interaction is
a disturbance rather than comfort (Kezer et al., 2017). Such disturbance
has a negative influence of the wellbeing and subsequently on the
productivity of a herd (Hedlund and Lovlie, 2015). Aside from the
wellbeing of the cattle, it has also been shown that human-cattle in-
teraction provides a risk to human handlers (Lindahl et al., 2016)
Non-contact sensing of physiological parameters at strategic passing
and dwelling points in the farming area avoids the mass-distribution
and maintenance of wearable sensors, opening opportunities for the
monitoring of animal wellbeing in farming and providing an early-
warning system for the health of the animal. While a potential strength
of an ECG lies in its versatility in picking up different electrical aspects
of the heart action, it is also prone to interference from other tissue
leading to considerable animal to animal variation (DeRoth, 1980).
Therefore compared to other techniques like ECG or echocardiography,
MCG offers – for comparable effort– potentially better standardisation
of measurements as well as diagnostic capabilities (Li et al., 2015).
Currently only optically pumped atomic magnetometers can reach the
sensitivity required to construct mobile units capable of operating in
unshielded conditions. Other magnetic sensors, namely fluxgates are on
the verge of the sensitivity required (Murzin et al. 2020). Multi-sensor
arrays might open novel possibilities in their use.
The data quality in our proof of concept study is promising.
Magnetocardiography in unshielded environments is still in the devel-
opmental stages (Guedes et al., 2018; Sorbo et al., 2018). Magneto-
cardiography in animals has so far been done in anesthetised animals
using small animals like rats (Brisinda et al., 2006) or guinea pigs
(Brisinda et al., 2007) where close placement of the sensors to the heart
is possible. A recent study recording the cardiomagnetic signal of an
isolated guinea pig heart is an important step towards providing an
optimum benchmark for a magnetic signal from an animal heart
(Jensen et al., 2018), albeit one obtained within a highly controlled lab
Fig. 5. FFT of two single-channel recording (red & blue trace) and the differ-
ence (black) measurements for gradiometric testing in a magnetically noisy
office environment. Note the effective suppression of common mode noise in
the 1–50 Hz band relevant to heart beat recordings. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
Fig. 6. Timing-resolution dependence of 50 Hz noise suppression in two-sensor
gradiometry. Increasing the granularity of the synchronisation results in a re-
duction of root mean square noise power up to a resolution of 0.1 ms.
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environment. Although working with conscious large animals does
considerably reduce data quality through movement, we recover the
key parameters of the heart action: the heart rate, the timing of inter-
vals within the heart action and the amplitude of the heart signal. These
are in good agreement with published results and with our own ECG
controls. The heart rate can be measured in 60% of 20-second record-
ings. The interaction of a cow over a few minutes with a stationary
device like a sensor mounted at a milking parlour or at a cow brush
should yield sufficient recordings for a secure heart rate reading.
A range of algorithms have been developed for the retrieval of heart
signals from noisy magnetic data (Escalona-Vargas et al., 2018) giving
options for further development. However in this study, the post-pro-
cessing of the data was kept as simple as possible and as sophisticated as
necessary to develop towards an instrument requiring no human input
for analysis.
Comparing the intervals within the heart action; the length of the P
wave (excitation of the artia), the duration of the QRS complex (main
heart chamber action) and the repolarization of the heart in the T wave
as well as the intervals between these key features shows good agree-
ment with ECG data averaged over a dairy herd (DeRoth, 1980) as well
as with our own ECG recordings yielding a convincing overlay of the
ECG and the MCG signal.
The amplitude of the magnetic heart signal can be related to studies
on human magnetocardiography (Alday et al., 2016) providing a the-
oretical foundation to estimate the relation of the electrical and the
magnetic heart signal. This work suggests a 0.5 mV ECG signal to
correspond to about 100pT in an MCG. This value can of course only
provide rough guidance. The ECG signal of a cow has to travel through
much more substantial tissue layers than that in a human. Studies on
human MCG also show a very strong dependence of the signal ampli-
tude on small spatial changes in the sensor positioning and in the
precise orientation of the sensitive sensor axis in picking up radial or
tangential magnetic signal components (Lau et al., 2016; Tsukada et al.,
2000). In the configuration we used two sensors at either end of a
virtual axis through the heart muscle the sensors to pick up a radial
signal. The sensor placed low behind the left foreleg is positioned well
to pick up a strong magnetic signal from the heart. The sensor opposite
is situated further from the heart recording a smaller signal component.
The suppression of common mode noise worked well in picking out the
cardio magnetic signal.
5. Conclusions
We have developed a proof-of-concept instrument for magneto-
cardiography in large animals that is capable of recording key physio-
logical parameters: the heart rate, the heart beat timing and the heart
beat amplitude. Utilizing atomic magnetometers overcomes the cryo-
genic requirements of superconducting quantum interference device
(SQUID) sensors and allows for compact and portable devises.
Differential measurements in a gradiometric set-up enable the un-
shielded measurement of physiological signals in the pT range against a
background of the Earth’s magnetic field of tens of µT and magnetic
noise from electrical installations.
While the signal of the heart muscle will on first approximation
scale with size and subsequently the human heart show smaller signals
in the range of tens of pT, sensors could also be placed much closer to a
human heart. This opens exciting opportunities for cardio-monitoring
of humans outside magnetically controlled and shielded clinical en-
vironments. Driven by more and more practical applications for opti-
cally pumped magnetometers, the range of commercial magnetometers
on the market is increasing, introducing improved capabilities of tem-
poral alignment, cell heating requirements or reduced dead zone geo-
metries. As commercial magnetometers grow more versatile and more
affordable, it will become possible to construct commercial magnet-
ometer arrays for much improved common mode noise suppression and
for heart monitoring techniques that surpass the capabilities of ECG
technology (Zheng et al., 2020). In particular, multi-lead ECGs as re-
quired to track the movement of the electro-magnetic heart vector are
impractical in veterinary science or agricultural monitoring. Recording
MCG through multi-sensor magnetometer arrays will enable novel di-
agnostic methods and improve animal welfare monitoring.
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Appendices
Appendix 1. Correlation search for the heart rate
Data traces were line spliced to compensate for baseline movement and band pass filtered. On the resulting trace a correlation search was
conducted to obtain the heart rate visible as a distinctive peak in the frequency spectrum of the search. The example shows a heart rate of 79 beats
per minute.
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Appendix 2. Temporal alignment using the mains noise
The 50 Hz mains power can be used to further adjust for the temporal offset in the recordings of the two sensors. Using the mains disturbance of
the magnetic field as a reference and minimizing it in the difference trace allowed very precise temporal alignment of the two sensor traces.
References
Abbott, A., 2018. Max Planck scientists criticize handling of animal-rights charges against
leading neuroscientist. Nature 558, 13–14. https://doi.org/10.1038/d41586-018-
05187-w.
Alday, E.A.P., Ni, H., Zhang, C., Colman, M.A., Gan, Z., Zhang, H., 2016. Comparison of
electric- and magnetic-cardiograms produced by myocardial ischemia in models of
the human ventricle and torso. PLoS One 11, e0160999. https://doi.org/10.1371/
journal.pone.0160999.
Fig. A1. Detection of heart rate as a distinctive peak in the frequency spectrum of the correlation search.
Fig. A2. Temporal alignment of the two sensor traces.
J.U. Sutter, et al. Computers and Electronics in Agriculture 177 (2020) 105651
7
Bloom, A.L., 1962. Principles of operation of the rubidium vapor magnetometer. Appl.
Opt. 1, 61–68. https://doi.org/10.1364/AO.1.000061.
Brisinda, D., Caristo, M.E., Fenici, R., 2007. Longitudinal study of cardiac electrical ac-
tivity in anesthetized guinea pigs by contactless magnetocardiography. Physiol.
Meas. 28, 773–792. https://doi.org/10.1088/0967-3334/28/8/002.
Brisinda, D., Caristo, M.E., Fenici, R., 2006. Contactless magnetocardiographic mapping
in anesthetized Wistar rats: evidence of age-related changes of cardiac electrical ac-
tivity. Am. J. Physiol. Heart Circ. Physiol. 291, H368–H378. https://doi.org/10.
1152/ajpheart.01048.2005.
Broser, P.J., Knappe, S., Kajal, D.-S., Noury, N., Alem, O., Shah, V., Braun, C., 2018.
Optically pumped magnetometers for magneto-myography to study the innervation
of the hand. IEEE Trans. Neural Syst. Rehabil. Eng. 26, 2226–2230. https://doi.org/
10.1109/TNSRE.2018.2871947.
Budker, D., Romalis, M., 2007. Optical magnetometry. Nat. Phys. 3, 227–234. https://doi.
org/10.1038/nphys566.
Cedeño-Quevedo, D., Lourenço, M., Daza Bolaños, C.A., Filho, P., Chiacchio, S., 2016.
Electrocardiogram assessment using the Einthoven and base-apex lead systems in
healthy Holstein cows and neonates. Pesqui. Veterinária Bras. 36, 1–7. https://doi.
org/10.1590/S0100-736X2016001300001.
Cyranoski, D., 2006. Animal research: primates in the frame. Nature. https://doi.org/10.
1038/444812a.
DeRoth, L., 1980. Electrocardiographic parameters in the normal lactating Holstein cow.
Can. Vet. J. = La Rev. Vet. Can. 21, 271–277.
Eisler, M.C., Lee, M.R.F., Martin, G.B., 2014. Intensive farming: When less means more on
dairy farms. Nature. https://doi.org/10.1038/512371b.
Escalona-Vargas, D., Wu, H.-T., Frasch, M.G., Eswaran, H., 2018. A comparison of five
algorithms for fetal magnetocardiography signal extraction. Cardiovasc. Eng.
Technol. 9, 483–487. https://doi.org/10.1007/s13239-018-0351-4.
Grandin, T., 2014. Animal welfare and society concerns finding the missing link. Meat Sci.
98, 461–469. https://doi.org/10.1016/j.meatsci.2014.05.011.
Guedes, A., Macedo, R., Jaramillo, G., Cardoso, S., Freitas, P.P., Horsley, D.A., 2018.
Hybrid GMR sensor detecting 950 pT/sqrt(Hz) at 1 Hz and room temperature.
Sensors (Basel) 18. https://doi.org/10.3390/s18030790.
Hannibal, G.B., 2011. It started with Einthoven: the history of the ECG and cardiac
monitoring. AACN Adv. Crit. Care 22, 93–96. https://doi.org/10.1097/10.1097/NCI.
0b013e3181fffe4c.
Hedlund, L., Lovlie, H., 2015. Personality and production: nervous cows produce less
milk. J. Dairy Sci. 98, 5819–5828. https://doi.org/10.3168/jds.2014-8667.
Ikefuji, H., Nomura, M., Nakaya, Y., Mori, T., Kondo, N., Ieishi, K., Fujimoto, S., Ito, S.,
2007. Visualization of cardiac dipole using a current density map: detection of car-
diac current undetectable by electrocardiography using magnetocardiography. J.
Med. Invest. 54, 116–123. https://doi.org/10.2152/jmi.54.116.
Ingleby, S.J., Griffin, P.F., Arnold, A.S., Chouliara, M., Riis, E., 2017. High-precision
control of static magnetic field magnitude, orientation, and gradient using optically
pumped vapour cell magnetometry. Rev. Sci. Instrum. 88, 43109. https://doi.org/10.
1063/1.4980159.
Jensen, K., Budvytyte, R., Thomas, R.A., Wang, T., Fuchs, A.M., Balabas, M.V., Vasilakis,
G., Mosgaard, L.D., Staerkind, H.C., Muller, J.H., Heimburg, T., Olesen, S.-P., Polzik,
E.S., 2016. Non-invasive detection of animal nerve impulses with an atomic mag-
netometer operating near quantum limited sensitivity. Sci. Rep. 6, 29638. https://
doi.org/10.1038/srep29638.
Jensen, K., Skarsfeldt, M.A., Staerkind, H., Arnbak, J., Balabas, M.V., Olesen, S.-P.,
Bentzen, B.H., Polzik, E.S., 2018. Magnetocardiography on an isolated animal heart
with a room-temperature optically pumped magnetometer. Sci. Rep. 8, 16218.
https://doi.org/10.1038/s41598-018-34535-z.
Kezer, F.L., Tozser, J., Bakony, M., Szenci, O., Jurkovich, V., Kovacs, L., 2017. Effect of
physical activity on cardiac autonomic function of dairy cows on commercial dairy
farms. J. Dairy Res. 84, 395–400. https://doi.org/10.1017/S0022029917000607.
Kimura, Y., Takaki, H., Inoue, Y.Y., Oguchi, Y., Nagayama, T., Nakashima, T., Kawakami,
S., Nagase, S., Noda, T., Aiba, T., Shimizu, W., Kamakura, S., Sugimachi, M., Yasuda,
S., Shimokawa, H., Kusano, K., 2017. Isolated late activation detected by magneto-
cardiography predicts future lethal ventricular arrhythmic events in patients with
arrhythmogenic right ventricular cardiomyopathy. Circ. J. 82, 78–86. https://doi.
org/10.1253/circj.CJ-17-0023.
Konold, T., Bone, G.E., Simmons, M.M., 2011. Time and frequency domain analysis of
heart rate variability in cattle affected by bovine spongiform encephalopathy. BMC
Res. Notes 4, 259. https://doi.org/10.1186/1756-0500-4-259.
Lau, S., Petkovic, B., Haueisen, J., 2016. Optimal magnetic sensor vests for cardiac source
imaging. Sensors (Basel) 16. https://doi.org/10.3390/s16060754.
LeBlanc, S., 2014. Agriculture: Intensive dairy farms becoming greener. Nature. https://
doi.org/10.1038/513487b.
Li, Y., Che, Z., Quan, W., Yuan, R., Shen, Y., Liu, Z., Wang, W., Jin, H., Lu, G., 2015.
Diagnostic outcomes of magnetocardiography in patients with coronary artery dis-
ease. Int. J. Clin. Exp. Med. 8, 2441–2446.
Lindahl, C., Pinzke, S., Herlin, A., Keeling, L.J., 2016. Human-animal interactions and
safety during dairy cattle handling–Comparing moving cows to milking and hoof
trimming. J. Dairy Sci. 99, 2131–2141. https://doi.org/10.3168/jds.2014-9210.
Morales, S., Corsi, M.C., Fourcault, W., Bertrand, F., Cauffet, G., Gobbo, C., Alcouffe, F.,
Lenouvel, F., Le Prado, M., Berger, F., Vanzetto, G., Labyt, E., 2017.
Magnetocardiography measurements with (4)He vector optically pumped magnet-
ometers at room temperature. Phys. Med. Biol. 62, 7267–7279. https://doi.org/10.
1088/1361-6560/aa6459.
Murzin, D., Mapps, D.J., Levada, K., Belyaev, V., Omelyianchik, A., Panina, L., Rodionova,
V., 2020. Ultrasensitive magnetic field sensors for biomedical applications. Sensors
20, 1569. https://doi.org/10.3390/s20061569.
Neethirajan, S., Tuteja, S.K., Huang, S.-T., Kelton, D., 2017. Recent advancement in
biosensors technology for animal and livestock health management. Biosens.
Bioelectron. 98, 398–407. https://doi.org/10.1016/j.bios.2017.07.015.
Nishi, K., Ito, Y., Kobayashi, T., 2018. High-sensitivity multi-channel probe beam detector
towards MEG measurements of small animals with an optically pumped K-Rb hybrid
magnetometer. Opt. Express 26, 1988–1996. https://doi.org/10.1364/OE.26.
001988.
Rossi, G., Smith, R.L., Pongolini, S., Bolzoni, L., 2017. Modelling farm-to-farm disease
transmission through personnel movements: from visits to contacts, and back. Sci.
Rep. 7, 2375. https://doi.org/10.1038/s41598-017-02567-6.
Sorbo, A.R., Lombardi, G., La Brocca, L., Guida, G., Fenici, R., Brisinda, D., 2018.
Unshielded magnetocardiography: Repeatability and reproducibility of automatically
estimated ventricular repolarization parameters in 204 healthy subjects. Ann.
Noninvasive Electrocardiol. 23, e12526. https://doi.org/10.1111/anec.12526.
Stucke, D., Große Ruse, M., Lebelt, D., 2015. Measuring heart rate variability in horses to
investigate the autonomic nervous system activity – pros and cons of different
methods. Appl. Anim. Behav. Sci. 166. https://doi.org/10.1016/j.applanim.2015.02.
007.
Tsukada, K., Miyashita, T., Kandori, A., Mitsui, T., Terada, Y., Sato, M., Shiono, J.,
Horigome, H., Yamada, S., Yamaguchi, I., 2000. An iso-integral mapping technique
using magnetocardiogram, and its possible use for diagnosis of ischemic heart dis-
ease. Int. J. Card. Imaging 16, 55–66. https://doi.org/10.1023/a:1006376326755.
von Borell, E., Langbein, J., Despres, G., Hansen, S., Leterrier, C., Marchant-Forde, J.,
Marchant-Forde, R., Minero, M., Mohr, E., Prunier, A., Valance, D., Veissier, I., 2007.
Heart rate variability as a measure of autonomic regulation of cardiac activity for
assessing stress and welfare in farm animals – a review. Physiol. Behav. 92, 293–316.
https://doi.org/10.1016/j.physbeh.2007.01.007.
Zheng, W., Su, S., Zhang, G., Bi, X., Lin, Q., 2020. Vector magnetocardiography mea-
surement with a compact elliptically polarized laser-pumped magnetometer. Biomed.
Optics Express. 11 (2), 649–659. https://doi.org/10.1364/BOE.380314.
J.U. Sutter, et al. Computers and Electronics in Agriculture 177 (2020) 105651
8
